High-contrast fluorescence imaging using an optical interference mirror (OIM) slide that enhances the fluorescence from a fluorophore located on top of the OIM surface is reported. To enhance the fluorescence and reduce the background light of the OIM, transverse-electric-polarized excitation light was used as incident light, and the transverse-magnetic-polarized fluorescence signal was detected. As a result, an approximate 100-fold improvement in the signal-to-noise ratio was achieved through a 13-fold enhancement of the fluorescence signal and an 8-fold reduction of the background light.
Introduction
Fluorescence imaging technology capable of visualizing functional information of a molecule and a cell is a powerful tool for understanding biological processes. 1 Chip-based biomolecular analysis methods, such as DNA chips and protein chips, are also based on fluorescence imaging. The quality of fluorescence imaging and the sensitivity of fluorescence detection are generally evaluated by the signal-to-noise (S/N) ratio, which indicates the ratio between the fluorescence signal from a fluorophore and the background light. If the S/N ratio is low, the fluorescence signal cannot be distinguished from the background signal. Thus, increasing the S/N ratio is important to improve the quality of fluorescence images and the sensitivity of fluorescence detection.
A standard approach for increasing the S/N ratio is to reduce the background light, as typified by total internal reflection fluorescence microscopy (TIRFM). 2 TIRFM increases the S/N ratio using evanescent light for the excitation of a fluorophore. However, it requires a complex optical system. Moreover, its substrate must be optically transparent and flat to achieve total internal reflection.
To observe fluorescence with a high S/N ratio, we used a fluorescence enhancement substrate with a distinctive structure to enhance the fluorescence from a fluorophore placed on the substrate.
Various fluorescence enhancement substrates, including pillar and porous structures, 3, 4 plasmonic chips, 5, 6 and optical waveguides and photonic crystal structures, 7, 8 have been developed in the field of biomolecular analysis, especially for biochips. Fluorescence enhancements with these substrates of several-to 50-fold have been reported compared to the fluorescence of a substrate used as a control. An optical interference mirror (OIM) slide consisting of a transparent dielectric thin film on a flat Ag substrate has been reported. [9] [10] [11] [12] The fluorescence intensity of rhodamine B deposited onto the OIM slide was enhanced by more than 100-fold compared with that of rhodamine B deposited onto a common glass slide. 9 Such an enhancement is primarily due to double interference of the excitation light and the fluorescence in the dielectric layer. 13 From the viewpoint of providing a high magnitude of enhancement, the OIM slide has been applied to biomolecular analysis, 14 environment monitoring, 15 and cell imaging. 16, 17 We have previously succeeded in enhancing the fluorescence of rhodamine B by as much as 200-fold through the use of an OIM slide with an approximately 90-nm-thick film of Al2O3 as the dielectric material. 18 This enhancement was one order of magnitude greater than that provided by other optical interference techniques that do not involve Ag. 19, 20 The presence of Ag not only provided high fluorescence enhancement, but also strongly reflected the excitation light. 13 The strong reflection of the excitation light leads to a high back scattering of the excitation light due to the surface roughness of the OIM slide, and it results in a high background light for the fluorescence detection. To reduce the background light detected along with the fluorescence signal through the emission filter, we focused on the polarization dependence of the fluorescence enhancement on the OIM slide.
The fluorescence enhancement with OIM slides has been demonstrated to depend on the polarization of the irradiated excitation light. 18 Although the polarization dependence of the fluorescence enhancement has not yet been fully elucidated, transverse electric (TE)-polarized excitation light was observed to enhance the fluorescence, whereas transverse magnetic (TM)-polarized excitation light did not enhance the fluorescence. This indicated that the electric field of the excitation light oscillating parallel to the OIM slide could enhance the fluorescence from the fluorophore. However, polarization of the background light and fluorescence on the OIM slide have not been investigated in the case where TE-polarized light was used as the excitation light. If the polarization of the background light and the fluorescence differ, then taking advantage of the difference between these two polarizations would be a key point in achieving high-contrast imaging via a high fluorescence enhancement.
In this paper, we report high-contrast fluorescence imaging based on the polarization dependence of the fluorescence enhancement using an OIM slide.
Polarizations of the background light and the fluorescence were first investigated. On the basis of these polarizations, we then considered an optimal optical system. The S/N ratio obtained with this optimal optical system was finally evaluated by a comparison with a standard method. Here, we use the term "general optical system" to describe an optical system in which the excitation light was unpolarized and in which fluorescence was detected without a polarizer.
Experimental

Fabrication of the OIM slides
Microscope glass slides were first sequentially sonicated for 1 h in ethanol and H2O, rinsed with H2O, and then dried in an oven at 100 C.
According to a procedure described previously, 13, 18 the OIM slides were fabricated by sputtering (in sequence) Cr as an adhesive, Ag as a mirror, and Al2O3 as an optical interference layer onto the cleaned glass slides using a sputter-coater (CFS-4ES, Shibaura). The thicknesses of the Cr and Ag layers were 15 nm and 1 μm, respectively.
Preparation of rhodamine B
Rhodamine B (Ex: 555 nm, Em: 580 nm), as a fluorophore, was purchased from Sigma-Aldrich (MO, USA), and was prepared according to a method described in our previous report. 18 To investigate the polarization of the fluorescence, 30 μg/mL of rhodamine B diluted with ethanol was spin-coated onto the Al2O3 surface of the OIM slide. For evaluating the S/N ratio, 0 -100 ng/mL solutions of rhodamine B were prepared with H2O. These solutions were spotted onto the OIM and glass slides using a spotter (BioChip Arrayer, PerkinElmer). The prepared slides were subsequently dried at room temperature. The solution volume and the distance between the centers of adjacent spots were 10 nL and 1 mm, respectively.
Setup of the optical system
A schematic of the optical system used to detect the background light and the fluorescence is shown in Fig. 1 . A linearly polarized excitation light was selectively extracted by passing 120-W mercury light (VB-L10, Keyence) through a 545-nm bandpass excitation filter (full-width at half-maximum: 30 nm) and a polarizer. Because only TE-polarized excitation light can enhance the fluorescence, a 0-degree incident angle for the excitation light is preferred to achieve the maximum fluorescence enhancement. However, a 20-degree incident angle was selected because a 0-degree incident angle requires a complex optical system that includes a dichroic mirror.
To detect the fluorescence from rhodamine B, a cooled CCD camera (C4742-8-12AG, Hamamatsu Photonics) and a 610-nm bandpass emission filter (full-width at half-maximum: 75 nm), which can block more than 99% of the 545-nm excitation light, were positioned normal to the OIM slide. In addition, an analyzer, which was used to analyze the polarization of light, was inserted between the emission filter and the OIM slide. The polarization of the fluorescence from rhodamine B spin-coated OIM slide was measured while rotating the analyzer.
In cases where the polarization of the background light from the OIM slide was evaluated, a bare OIM slide that was not spin-coated with rhodamine B was prepared. The polarization of the background light from a bare OIM slide was analyzed without using the emission filter and while rotating the analyzer.
All image data were analyzed using the Image-Pro Plus (Media Cybernetics) image analysis software.
Design of the Al2O3 thickness
We previously reported that the thickness d of the Al2O3 layer on the OIM slide that provides the maximum fluorescence enhancement varies according to the incident angle, α, of the excitation light. 18 On the basis of this report, d values for α = 20 were designed. We estimated d on the basis of optical interference theory as follows: n2dcosβ = (2 m + 1) λ/4, (m = 0, 1, 2…). 13 In this equation, λ is the peak emission wavelength of rhodamine B and β is the refraction angle against α at the air-Al2O3 interface, as calculated from Snell's law with the refractive indices n1 (air) and n2 (Al2O3) assumed to be 1 and 1.62, 21 respectively. The presence of the rhodamine B layer was ignored because its thickness was expected to be sufficiently less. 13 When m = 0, which corresponds to the first bright fringe, the d values were 92 nm for 20 . Therefore, we used Al2O3 thicknesses of 90 nm for 20 .
Results and Discussion
Polarization of the fluorescence and background light
Distinguishing the fluorescence from the background light, which is mainly generated by the excitation light scattered from the OIM slide, is required for high-contrast fluorescence imaging. For this, we investigated the polarization of the fluorescence and background light using TE-polarized excitation light as the incident light, because fluorescence from the OIM slide is known to be enhanced by TE-polarized excitation light. 18 The polarization of the fluorescence was measured using the OIM slide spin-coated with rhodamine B, and the polarization of background light was measured with the bare OIM slide. The results are shown in Fig. 2 .
The background light exhibits a minimum at the TM polarization of the analyzer. This result indicates that the polarization of the background light maintains the polarization of the incident light. The maintained polarization of the background light is reasonable on the basis of basic optical physics. In contrast, the fluorescence was almost constant, irrespective of the polarization of the analyzer, which indicates that the fluorescence was not polarized even when the incident excitation light was polarized.
When TM-polarized excitation light was used, the background light maintained TM-polarization and the fluorescence was depolarized (data not shown). These observations indicate that the polarization of the background light and depolarization of the fluorescence were maintained, irrespective of the polarization of the incident excitation light.
Although the fluorescence from a fluorophore excited by polarized excitation light must be polarized, the observed fluorescence was not polarized.
Two reasons for the depolarization of the fluorescence had been expected: (1) random changes of the polarization axis by the surface roughness of the OIM slide and (2) molecular rotation in the remaining solvent. However, the depolarization was observed when the rhodamine B was spin-coated onto the smooth surface of a Si substrate. Moreover, the spin-coated Si substrate was incubated at 110 C for 1 h to evaporate the solvent completely. However, the depolarization was still observed in the case of the incubated Si substrate (Fig. S1, Supporting Information) . On the basis of these investigations, we concluded that the depolarization was not caused by the surface roughness or the remaining solvent. The reason for the depolarization is currently under investigation and has not yet been elucidated.
Consideration of an optimal optical system
When TE excitation light was used as the incident excitation light, the background light was observed to be TE-polarized, whereas the enhanced fluorescence was not polarized. On the basis of the difference between the polarization of the background light and that of the fluorescence, an optimal optical system capable of providing the maximum S/N ratio for the fluorescence image was designed. To design the optimal optical system, we calculated the Iflu/Iback ratio, where Iflu and Iback value are the fluorescence intensity and the background light intensity shown in Fig. 2 , respectively. The results are presented in Fig. 3 .
According to the results presented in Fig. 3 , the TM-polarized analyzer yielded the maximum Iflu/Iback. This result is reasonable because the least intense background light and the most intense fluorescence can be obtained using an optical system composed of a TM-polarized analyzer and TE excitation light. In the following discussion, we refer to this optimal optical system as the polarized optical system.
We subsequently attempted to compare the Iflu/Iback of the OIM slide obtained by the polarized optical system with that obtained by a general optical system in which the excitation light was unpolarized and fluorescence was detected without the analyzer. Figure 4 shows a comparison of the Iflu/Iback of the OIM slide obtained by the polarized optical system and that obtained by the general optical system. Iflu/Iback was clearly improved through the use of the polarized optical system, and Iflu/Iback was observed to increase by approximately 5.5-fold. With this result, we concluded that the polarized optical system can improve contrast fluorescence imaging through the use of the OIM slide.
Comparison to a bare glass slide
Fluorescence imaging is generally performed with a bare glass slide and a general optical system. Therefore, the contrast of the fluorescence imaging of the OIM slide with the polarized optical system was compared with that of the bare glass with the general optical system. In this comparison, rhodamine B was spotted onto both the OIM slide and the bare glass slide.
The fluorescence images obtained with the OIM and glass slides are shown in Fig. 5 . To clearly observe the difference between the fluorescence and background signals for the OIM and glass slide, the contrast of the fluorescence image for the glass slide was adjusted using image analysis software.
The contrast of the fluorescence image was observed to be substantially improved by the OIM slide measured with the polarized optical system because of the reduced background light and enhanced fluorescence. When the background light was defined as the light intensity from an area not spotted with rhodamine B, the background light was significantly reduced by the OIM slide with the polarized optical system. Because the background light with the OIM and glass slides were 1.2 and 9.4 (a.u.), respectively, an approximate 8-fold reduction of background light was achieved. The S/N ratios for the different concentrations of rhodamine B were evaluated by dividing the fluorescence signal by the background light (shown in Fig. 6 ).
The S/N ratios with the OIM and glass slides increased linearly with increasing concentration, up to a concentration of 100 ng/mL. We calculated the increase in the S/N ratio from the slopes of the standard curves. Because the slopes of the OIM slide and the bare glass slide were 3.0 mL/ng and 3.0 × 10 -2 mL/ng, respectively, the ratio was increased by a factor of 100. This result means that the contrast of the fluorescence image obtained with the OIM slide using the polarized optical system was improved by 100-fold compared to that of the fluorescence image obtained with the glass slide using the general optical system. Moreover, the detection limit of rhodamine B was improved by the OIM slide. When we assumed that the limit of the fluorescence detection corresponded to three times the S/N ratio, we estimated the limit of rhodamine B detection to be 5 and 70 ng/mL for the OIM and glass slides, respectively. Therefore, a 0.07-fold improvement of the detection limit was achieved.
The fluorescence enhancement with the OIM slide was evaluated using Fig. 5 . The fluorescence intensities for each rhodamine B concentration were plotted for the OIM and glass slides, and linear approximations for the plots were made (data not shown). When the ratio of the slope for the OIM and glass substrate was defined as the fluorescence enhancement factor, 18 an approximately 13-fold enhancement was calculated. In a previous report, 18 an 80-fold fluorescence enhancement was observed in a comparison between the OIM slide and a glass slide. Therefore, the fluorescence enhancement was decreased by 6-fold. However, the general optical system was used for the OIM and glass slide in the previous report, whereas the polarized optical system was employed for the OIM slide in this report. Given that the two polarizers were equipped into the polarized optical system, the fluorescence signal was expected to be reduced by 4-fold. Thus, a 20-fold fluorescence enhancement could be expected for the OIM slide with the polarized optical system compared to the glass slide with the general optical system. The actual fluorescence enhancement (13-fold) was different from the expected fluorescence enhancement (20-fold). However, we consider this difference to be reasonable because the fluorescence enhancement is affected by slight changes in the thickness of the Al2O3 layer and by the thickness of fluorophore layer spotted onto the slides.
Conclusions
In this study, we used OIM slides to demonstrate high-contrast fluorescence imaging on the basis of the polarization dependence of the fluorescence enhancement. When polarized excitation light was used as incident light, the back scattering of excitation light by the OIM slide maintained the polarization of the incident light. In contrast, the fluorescence observed was unpolarized, even when polarized excitation light was used. On the basis of the difference between the polarization of these lights, an optimal optical system that gives a maximum S/N ratio was considered. As a result, the use of TE-polarized excitation light and a TM-polarized analyzer was determined to be the optimal configuration.
To evaluate the S/N ratio of the developed polarized optical system, the fluorescence signal and the background light were measured with the polarized optical system using OIM slides. We improved the contrast of the fluorescence image by approximately 100-fold by enhancing the fluorescence signal by 13-fold and reducing the light signal by 8-fold. The developed polarization technique should contribute to advancements in the field of fluorescence bio-imaging and biomolecular analysis using DNA chops and protein chips. 6 S/N ratios obtained with the OIM slide using the polarized optical system and the glass slide using the general optical system for 0 -100 ng/mL of rhodamine B. The inset is the S/N ratio obtained with the bare glass slide using the general optical system. The S/N ratio was defined as the ratio of the fluorescence to noise signal, where the fluorescence single is the light intensity from an area spotted with rhodamine B and the noise signal is the light intensity from area not spotted with rhodamine B. Each data point is an average of five spots. The error bars and the straight lines indicate the standard deviation and the standard curve, respectively. The formulas of the standard curve for the OIM and glass slides are y = 3.0x -1.3 × 10 1 and y = 3.0 × 10 -2 x + 9.5 × 10 -1 , respectively. r 2 is more than 0.99 for both formulas.
